Abstract The golli proteins, products of the myelin basic protein gene, are widely expressed in oligodendrocyte progenitor cells and neurons during the postnatal development of the brain. While golli appears to be important for oligodendrocyte migration and differentiation, its function in neuronal development is completely unknown. We have found that golli proteins function as new and novel modulators of voltageoperated Ca ++ channels (VOCCs) in neurons. In vitro, golli knock-out (KO) neurons exhibit decreased Ca ++ influx after plasma membrane depolarization and a substantial maturational delay. Increased expression of golli proteins enhances L-type Ca ++ entry and processes outgrowth in cortical neurons, and pharmacological activation of L-type Ca ++ channels stimulates maturation and prevents cell death in golli-KO neurons. In situ, Ca ++ influx mediated by L-type VOCCs was significantly decreased in cortical and hippocampal neurons of the golli-KO brain. These Ca ++ alterations affect cortical and hippocampal development and the proliferation and survival of neural progenitor cells during the postnatal development of the golli-KO brain. The CA1/3 sections and the dentate gyrus of the hippocampus were reduced in the golli-KO mice as well as the density of dendrites in the somatosensory cortex. Furthermore, the golli-KO mice display abnormal behavior including deficits in episodic memory and reduced anxiety. Because of the expression of the golli proteins within neurons in learning and memory centers of the brain, this work has profound implication in neurodegenerative diseases and neurological disorders.
Introduction
Regulation of the golli-MBP gene involves two promoters and differential splicing. The downstream promoter transcript gives at least four myelin basic proteins (MBPs): the Bclassic^MBPs. Their function is mostly structural and all of them are found in compact myelin. The upstream promoter, which can be activated in very different cell types, drives the expression of the second family of proteins encoded by the MBP gene: the golli proteins. In the mouse, three golli isoforms have been identified: BG21, J37, and TP8 [1, 2] . Both BG21 and J37 have segments in common with the classic 18.5-kDa isoform of MBP, but TP8 differs from this structure due to a frame shift mutation.
Golli proteins were mainly detected in neurons and oligodendrocytes of the central nervous system (CNS) as well as in T cells and macrophages in the thymus [3] [4] [5] . The expression of the golli sequences precedes the expression of the classic MBP and is detected during early embryogenesis [6] . During the first postnatal weeks, golli proteins were found in immature neurons of several cortical layers, hippocampus, thalamus, neostriatum, and corpus callosum. Furthermore, golli proteins were expressed by young neurons in the mouse olfactory system and cerebellum [7, 8] . In humans, golli proteins were found in early neurons of the developing telencephalon, in the subventricular zone, and in the future cerebral cortex [9] .
Golli regulates oligodendrocyte progenitor cell migration and proliferation in vitro [10, 11] , and studies of golli knockout (KO) and golli-overexpressor brains indicate that its influence on oligodendrocyte development has important consequences for myelination in vivo [12] [13] [14] . Golli proteins modulate the entry of external Ca ++ into oligodendrocytes through two classes of Ca ++ channel, the voltage-operated Ca ++ channels (VOCCs) and store-operated Ca ++ channels (SOCCs) (for review see Fulton and co-workers [15] ). We have found that golli regulates different aspects of oligodendrocyte function through distinct routes of Ca ++ entry. For example, golli regulation of SOCCs influences oligodendrocyte proliferation [16] , and its modulation of VOCCs controls process extension and migration [10, 11, 17] .
In this work, we showed that Ca ++ homeostasis is altered in postnatal neurons from the golli-KO mice and that increased expression of golli proteins enhances Ca ++ influx into neuronal cells. Golli proteins can modulate Ca ++ influx through Ltype voltage-operated Ca ++ channels in the plasma membranes of cortical and hippocampal neurons, and this intracellular Ca ++ modulation affects Ca ++ -dependent functions such as neurites extension, proliferation, and cell viability. Furthermore, we have found morphological changes in the cortex and hippocampus of golli-KO animals, and more importantly these mice display abnormal behavior including deficits in episodic memory and reduced anxiety. Since the golli-MBP gene has been linked to both schizophrenia and bipolar disorder, this work has significant implication in understanding the molecular events governing psychiatric and cognitive disorders.
Materials and Methods

Animals
All animals used in the present study were housed in the UB Division of Laboratory Animal Medicine vivarium, and procedures were approved by UB's Animal Care and Use Committee, and conducted in accordance with the guidelines in BGuide for the Care and Use of Laboratory Animals^from the National Institutes of Health. The generation of the golli-KO mice in which the golli products of the MBP gene were selectively ablated while permitting normal expression of the classic MBPs was described in Jacobs and co-workers [12] .
Primary Culture of Cortical Neurons
Cortical neurons were prepared from the brains of 1-to 2-dayold mouse pups using established procedures [18] with minor modifications. Briefly, brains were removed aseptically and placed into DMEM/F12 (Life Technologies). After the brains were dissected, the blood vessels and meninges were carefully removed under a dissecting microscope. Brain cortices were isolated and dissociated by digestion with a solution of 0.05 % trypsin (Sigma) containing DNase I (0.06 %) (Sigma) in Neurobasal medium (Life Technologies) for 10 min at 37°C. The digestion reaction was stopped with Neurobasal medium containing 10 % fetal bovine serum (Omega Scientific) and triturated by repeated passages (20 times) through a 10-ml pipette. The cell suspension was filtered through a sterile cell strainer (70 μm; BD Biosciences) into a 50-ml centrifuge tube. The cells were pelleted by centrifugation at 200×g for 5 min, and resuspended in Neurobasal medium plus 2 % (v/v) B27 (Life Technologies) supplemented with 0.25 mM GlutaMax I (Life Technologies), 0.25 mM glutamine (Life Technologies), and 100 μg/ml gentamicin (Omega Scientific). Then, 2000 cells/mm 2 were plated onto 12-mm glass coverslips coated with poly-D-lysine (Sigma). The neurons were kept at 37°C in 95 % air 5 % CO 2 for 7, 14, and 21 days.
Cortical Neurons Transfection
After 3 days in vitro, selected neuronal cultures were transfected with the full-length and mutated J37 and BG21 go lli i so forms u sing Lipof ectamin e 200 0 (Life Technologies). The construction of the full-length J37 and BG21 clones in pEGFP-N3 was described in Reyes and Campagnoni [19] , and the construction of the J37 deletion 1 and 2, the myristoylation mutations, and the deletion of the calmodulin binding region was described in Paez and coworkers [17] . Briefly, 1 μg of plasmid DNA and 1.5 μl of Lipofectamine were diluted in individual 25-μl aliquots of Neurobasal medium (Life Technologies) and incubated for 5 min at room temperature. The solutions were then mixed and incubated for 20 min at room temperature. One microgram of plasmid DNA was used to transfect 4×10 4 cells/ coverslip. While the DNA was complexing, the cells were washed for 5 min with Neurobasal medium. The complexed DNA mixture was then applied to the coverslips and incubated at 37°C for 6 h. The cells were washed with Neurobasal medium and subsequently incubated at 37°C for 4 days prior to fixation in Neurobasal medium plus 2 % (v/v) B27 (Life Technologies) supplemented with 0.25 mM GlutaMax I (Life Technologies), 0.25 mM glutamine (Life Technologies), and 100 μg/ml gentamicin (Omega Scientific). Transfection efficiency was monitored by counting EGFP-positive neurons and DAPI-positive cells (total number of cells) in 20 randomly selected fields. In an average experiment, about 35 % of the cells were positive for EGFP.
Immunocytochemistry
Cells were stained with antibodies against several neuronal markers and examined by confocal microscopy. Briefly, the cells were rinsed in PBS and fixed in 4 % buffered paraformaldehyde (Sigma) for 20 min at room temperature. After rinsing in PBS, the cells were permeabilized with 0.1 % Triton X-100 (Sigma) in PBS for 2 min at room temperature and then processed for immunocytochemistry following the protocol as outlined by Reyes and Campagnoni [19] . Essentially, fixed cells were incubated in a blocking solution (5 % goat serum in PBS) followed by an overnight incubation at 4°C with the primary antibody. Cells were then incubated with the appropriate secondary antibodies (1:200; Jackson), nuclei were stained with the fluorescent dye DAPI (Life Technologies), mounted onto slides with Aquamount (Thermo Scientific), and fluorescent images were obtained using an Olympus spinning disc confocal microscope (Olympus, IX83-DSU). Quantitative analysis of the results was done counting the antigen-positive and DAPI-positive cells (total number of cells) in 20 randomly selected fields, which resulted in counts of >2000 cells for each experimental condition. Counts of antigen-positive cells were normalized to the counts of total DAPI-positive cells for each condition. For some antigens, the total area covered by processes in a 1 mm 2 was assessed in 20 randomly selected fields by MetaMorph software (Molecular Devices) using a built-in auto inclusive threshold. This function was design to measure the morphology of fluorescent specimens and uses the histogram of gray values within the image to set the low and high limits. For all experiments involving quantification of positive cells and area covered by processes in culture, data represent pooled results from at least five independent cultures. Quantification was performed blind to the genotype of the sample. The primary antibodies used for immunocytochemistry were against caspase-3 (1:2000; Cell Signaling), doublecortin (1:500; Santa Cruz), GAP43 (1:200; Millipore), golli (1:500; from Dr. Anthony T. Campagnoni lab), Ki67 (1:250; Abcam), MAP2 (1:200; Millipore), NeuN (1:200; Millipore), neurofilament H (1:100; Millipore), neurofilament M (1:100; Millipore), synapsin 1 (1:2000; Synaptic Systems), and Tuj1 (1:500; Covance).
Caspase-3 Assay
NucView 488 Caspase-3 substrate, a cell membranepermeable fluorogenic caspase substrate designed for detecting caspase-3 activity within live cells in real time, was used in accordance with the manufacturer's recommendations (Biotium Inc.). Briefly, neuronal primary cultures were incubated in medium containing NucView 488 Caspase-3 substrate (final concentration 5 μM) in a stage top chamber with 5 % CO 2 at 37°C, which was placed on the stage of a spinning disc confocal inverted microscope (Olympus, IX83-DSU). Fluorescent field images were obtained with a specific GFP filter at 6-min intervals for a total of 24 h. MetaMorph software (Molecular Devices) was used to assess apoptotic cell death by calculating the percentage of caspase-3-positive cells in a total of five experiments on ten random fields.
Immunohistochemistry
Free-floating vibratome sections were incubated in a blocking solution (2 % normal goat serum and 0.2 % Triton X-100 in PBS) for 2 h at room temperature and then incubated with the primary antibody overnight at 4°C. Sections were then rinsed in PBS and incubated with Alexa conjugated secondary antibodies (Life Technologies) for 2 h at room temperature followed by a counterstain with the nuclear dye DAPI (Life Technologies). After washing, the sections were mounted on to Superfrost Plus slides (Fisher) using coverslips and mounting medium (Aquamount; Thermo Scientific). The total number of positive cells was stereologically quantified in the somatosensory cortex (0.6 mm 2 , including all the cortical layers) and in the dentate gyrus of the hippocampus (0.4 mm 2 , including upper and lower blades and the subgranular zone). For all experiments involving quantification of positive cells and fluorescent intensity in tissue sections, data represent pooled results from at least five brains per experimental group. Five slices per brain (50 μm each) were used and quantification was performed blind to the genotype of the sample using an unbiased stereological sampling method. The primary antibodies used in the present study were against caspase-3 (1:1000; Cell Signaling), doublecortin (1:250; Santa Cruz), Ki67 (1:250; Abcam), MAP2 (1:200; Millipore), NeuN (1:100; Millipore), neurofilament L (1:100; Millipore), Sox2 (1:250; Millipore), and Sox9 (1:500; Millipore).
Cortical and Hippocampal Thickness Measurements
Cortical layer measurements were performed in coronal slices at approximately −2.1 mm from bregma and in the region of the primary somatosensory cortex [20] . The thickness of hippocampal layers was measured in the same slice. At least five brains per experimental group and five slices per brain (50 μm each) were used. Quantification was performed blind to the genotype of the sample and using an unbiased stereological sampling method.
Western Blot
Total protein was collected from primary culture of cortical neurons, mouse cortex, and hippocampus. The final protein pellet was homogenized in lysis buffer containing 50 mM Tris-HCl, 0.25 % (w/v) sodium deoxycholate, 150 mM NaCl, 1 mM EDTA, 1 % (w/v) Triton X-100, 0.1 % (w/v) SDS, 1 mM sodium vanadate, 1 mM AEBSF, 10 μg/ml aprotinin, 10 μg/ml leupeptin, 10 μg/ml pepstatin, and 4 μM sodium fluoride. Western blots were performed as previously described [21] . Twenty-five micrograms of total protein was loaded onto a 4-20 % Tris-glycine gel (Life Technologies). Protein bands were detected by chemiluminescence using the Amersham ECL kit (GE Healthcare) with horseradish peroxidase-conjugated secondary antibodies (Cell Signaling). Relative intensities of the protein bands were quantified by scanning densitometry using the NIH Image Software Image J. Equal protein loading was verified by Ponceau S solution (Sigma) reversible staining of the blots, and each extract was also analyzed for relative protein levels of β-actin and P84. Data represent pooled results from at least five brains or five independent cultures per experimental group. The primary antibodies used for Western blots were against doublecortin (1:6000; Santa Cruz), GAP43 (1:1000; Millipore), NeuN (1:1000; Millipore), neurofilament L (1:1000; Millipore), P84 (1:10000; Genetex), synapsin 1 (1:1000; Synaptic Systems), Tuj1 (1:500; Covance), and β-actin (1:10000; Sigma).
Calcium Imaging In Vitro
Methods were similar to those described previously [17] . Briefly, primary culture of cortical neurons were washed in serum and phenol red-free DMEM (Life Technologies) containing a final concentration of 4 μM fura-2 (AM) (Life Technologies) plus 0.08 % Pluronic F127 (Life Technologies) to load dye into the cells, incubated for 25 min at 37°C, 5 % CO 2 , then washed four times in DMEM (Life Technologies) and stored in DMEM for 10 min before been imaged. Calcium influx and resting Ca ++ levels were measured in serum and phenol red-free HBSS containing 1.3 mM Ca + + and 1 mM Mg + + (Life Technologies). The fluorescence of fura-2 was excited alternatively at wavelengths of 340 and 380 nm every 2 s by means of a high-speed wavelength-switching device (Lambda DG4; Sutter Instruments). A spinning disc confocal inverted microscope (Olympus, IX83-DSU) equipped with a CCD camera (Hamamatsu ORCA-R2) measured the fluorescence. Calcium influx and resting Ca ++ levels were measured on individual neuronal cell bodies using the image analysis software MetaFluor (Molecular Devices). More than 600 cells for each experimental condition were analyzed and the results from five separate experiments were pooled. To minimize bleaching, the intensity of excitation light and sampling frequency was kept as low as possible.
Calcium Imaging In Situ
Calcium imaging acquisitions of cortical and hippocampal neurons were performed on living slices at postnatal day 10, 20, and 30, as described elsewhere [22] . Briefly, mice were anesthetized with isoflurane, after which brains were rapidly removed and stored in ice-cold slice solution containing 110 mM choline chloride, 25 mM NaHCO 3 [23] . Then the slices were washed with ACSF for 30 min before being imaged. Calcium influx and resting Ca ++ levels were measured in ACSF containing 1.5 mM MgCl 2 . For cell detection and identification, a z-stack using a step size of 1 μm and image ±20 μm around the imaged plane of focus was taken. Only on focus neuronal cell bodies were selected for the analysis. Five brains per experimental group and 6 slices per brain were used. About 100 individual neurons were evaluated in each slice. Measurements were made once every 2 s.
SHIRPA
Before the actual behavioral tests started, all animals underwent a qualitative analysis of their health status and reflexes. The protocol used was adopted and modified from the original SHIRPA protocol [24] . Home cage behavior (barbering, fighting, freezing, and grooming), general appearance (body weight, fur condition, missing whiskers, eye abnormality, and lesions), and neurological reflexes were analyzed. Muscular functions were analyzed in two tests. In the forepaw reaching test, animals were held on tails 25 cm above the surface and slowly neared a cage wall horizontally in the visual field of the mice. The ability to overstretch the back and reach out with both forepaws was rated. In the wire hang test, animals were put on a wire mesh (standard cage lid) that was turned upside down approximately 25 cm above a cage-floor. There was no possibility to escape the horizontal platform or bring the head into a vertical position. The animals had to hang on this mesh for maximal 2 min. The time until the animals fell down to the wood-chip covered floor was measured. For this group of behavioral tests, at least 25 males per experimental group were examined. In all the behavioral experiments described is this work, the researcher conducting the behavioral testing and scoring was blind to the experimental conditions.
Rotarod and Beam-Walking
Coordinated motor activity was measured by a rotarod apparatus following the standard procedure of EMPReSS (European Mouse Phenotyping Resource of Standardised Screens http://empress.har.mrc.ac.uk/). Mice were put on a rod rotating at 4 rpm. The speed of rotation was gradually increased up to 40 rpm in a 5-min interval and the time until mice fall to the floor was measured. Each mouse was tested three times with 20 min between each trial. Coordinated motor activity was also measured using the beam-walking test [25] . Each mouse was put on an end of 12-and 6-mm-wide (square or round) and 1-m-long beams with 50 cm elevation from the floor. The other end of the beam was attached to a dark box (20×20×20cm) and the time for a mouse to finish walking along the beam to the dark box was measured. The test took place during three consecutive days. During the first 2 days, mice were trained three times per day using the 12-mm square beam. On the last day, the animals were tested three times in all the beams (12 mm square and round and 6 mm square and round). Additionally, the total of successful crossing for the 6-mm round beam were counted. Only male mice were used. The number of mice tested per experimental group was P30: WT 20, golli-KO 23; P60: WT 20, golli-KO 21.
Open Field
For adaptation to the new environment before the test, mice were placed in the procedure room for at least 2 h. The open field apparatus consisted of a round box (1 m diameter) with opaque walls (50 cm high) and was placed in indirect light (50 lx). The mice attached to the swivel unit were gently placed in the open field facing the opaque walls and allowed to freely explore the apparatus for 10 min. The total distance traveled and the time spent in the center area (60 cm diameter) were automatically recorded using a video camera system. The apparatus was cleaned with 70 % ethanol between subjects. Only male mice were used. The number of mice tested per experimental group was P30: WT 20, golli-KO 22; P60: WT 20, golli-KO 22.
Elevated Plus-Maze
The elevated plus-maze tests were carried out as previously described [26, 27] . Mice were tested on an elevated plus-maze (95 cm elevation from the floor) consisting of two open arms (30×5 cm, 50 lx) and two closed arms made of dark Plexiglas (30×5×15 cm, 35 lx) extending from a central (5×5 cm) platform. Briefly, mice were placed individually on the central platform facing an open arm and allowed to traverse the maze freely for 5 min. Open or closed arm entries were defined as all four paws in an arm and a center entry was defined as both forepaws placed in the center. The time spent in each arm and the number of arm entries (70 % of mouse in an arm) was tracked and scored. The maze was cleaned with 70 % ethanol between subjects. Only male mice were used. The number of mice tested per experimental group was P30: WT 20, golli-KO 25; P60: WT 20, golli-KO 25.
Novel Object Recognition Test
This was carried out following the procedures described previously [28] with minor modifications. In brief, mice were trained over three sessions separated by 24 h to discriminate a novel object from a familiar one in a plastic round box. In the first trial, animals were placed in the empty arena and allowed to explore and habituate to the environment for 10 min. Twenty-four hours later, animals were put back in the chamber for the training session and exposed to two identical objects located in two opposite corners of the box. The exploration time of each object was recorded to control for object and side bias. After 24 h, mice were returned to the box to start the testing trial, during which they were exposed to a familiar object and a novel object, which was different from the familiar one in color and shape and placed in one of the same positions as the objects during the training. The exploration time for each object familiar (Tf) and novel object (Tn) was recorded for determination of the exploration index [Tn/(Tn+Tf)]. Exploration was defined as facing (within 2 cm of the object) or touching the object. The chamber and objects were thoroughly cleaned with 70 % alcohol after every session to ensure olfactory cues did not play a role in the test. Only male mice were used. The number of mice tested per experimental group was P30: WT 15, golli-KO 17; P60: WT 15, golli-KO 17.
Social Novelty Test
The testing apparatus consisted of a rectangular, threechambered box and a lid with a video camera. Each chamber was 20×40×22 cm and the dividing walls were made from clear Plexiglas, with small square openings (5 × 3 cm) allowing access into each chamber. An unfamiliar C57BL/6J male (stranger 1), which had had no prior contact with the subject mice, was placed in one of the side chambers. The location of stranger 1 in the left versus right side chamber was systematically alternated between trials. The stranger mouse was enclosed in a small, round wire cage, which allowed nose contact between the bars, but prevented fighting. The cage was 11 cm in height, with a bottom diameter of 9 cm, vertical bars 0.5 cm apart. The subject mouse was first placed in the middle chamber and allowed to explore the entire test box for a 10-min session. The amount of time spent in the empty chamber (E) and the chamber where the stranger 1 was placed (S1) was measured with the aid of a camera fitted on top of the box. Each mouse was tested in a 10-min session to quantify the social affiliation index S1/(S1+E). After the first 10-min session, a second unfamiliar mouse was placed in the chamber that had been empty during the first 10-min session. This second stranger was also enclosed in an identical small wire cage. The test mouse thus had a choice between the first, already-investigated unfamiliar mouse (stranger 1) and the novel unfamiliar mouse (stranger 2). The amount of time spent in the stranger 1 chamber (S1′) and the stranger 2 chamber (S2) was measured for determination of the social novelty index S2/(S2+S1′). Only male mice were used. The number of mice tested per experimental group was P60: WT 15, golli-KO 15.
Statistical Analysis
Normal distributions were tested in each data set using Kolmogorov-Smirnov tests. For data with normal distributions, single between-group comparisons were made by the Student paired t test, and multiple comparisons were investigated by one-way ANOVA followed by Bonferroni's multiple comparison tests to detect pair-wise between-group differences. All statistical tests were performed in GraphPad Prism (GraphPad Software). A fixed value of p <0.05 for one-tailed tests was the criterion for reliable differences between groups. Data are presented as mean±SEM unless otherwise noted.
Results
Golli is Essential for Normal Neuronal Maturation In Vitro
We started our immunocytochemical studies of cortical neurons analyzing the in vitro expression of golli. As it was expected, no golli staining was found in primary cultures of golli knock-out (KO) neurons (Fig. 1a, b) ; however, the level of golli expression was high in wild-type (WT) neurons at 14 days in vitro (14DIV) (Fig. 1a, b) . In agreement with previous publications [7] , the main subcellular location of golli proteins in neurons was in axonal and dendritic processes and the cell nuclei (Fig. 1c) , but at 21DIV, golli expression decreased and there was a shift in subcellular localization from nuclei and cell processes to the cell soma (Fig. 1c, yellow arrows) . Our findings indicate that the absence of golli attenuated the extension of dendrites and the expression of key cytoskeletal proteins in primary cultures of cortical neurons (Fig. 1d-i) . Analysis of the morphological complexity of cortical neurons at different time points showed that although the golli-KO neurons elaborated processes and dendrites, these were not as extensive as those elaborated by WT neurons; interestingly, these changes persist and become more evident after 3 weeks in culture (Fig. 1d-i) . High magnification pictures of MAP2-positive cells presented similar results with golli-KO neurons displaying reduced dendrite production (Fig. 1j) . Concurrently, we have found a significant reduction in the expression of several neural specific cytoskeletal proteins in golli-KO neurons including the microtubule-associated protein 2 (MAP2) (Fig. 1d, e) , neurofilament M and H (Fig. 1f, i) , and the neuron-specific class III beta-tubulin (Tuj1) (Fig. 1g, h) . Additionally, golli-KO neurons express less synapsin 1 (Fig. 2a, b) , a protein implicated in synaptogenesis and axonogenesis, and GAP43, a protein that regulates neurite formation, regeneration, and synaptic plasticity (Fig. 2c,  d ). Doublecortin (DCX) is a microtubule-associated protein expressed by neuronal precursor cells and immature neurons in embryonic and adult cortical structures. Downregulation of DCX occurs at the same time that these cells begin to express NeuN, a marker for mature neurons [29] . More DCX-positive cells were found in the golli-KO cell population than in the WT cultures; for example,~50 % of the golli-KO neurons express high levels of DCX after 3 weeks in vitro when less than 25 % of the WT cells remain positive for this immature neuronal marker (Fig. 2e, f) . Furthermore, the number of NeuNpositive cells was significantly lower in golli-KO cultures at all the time points analyzed (Fig. 2g, h ). Similar results were obtained by western blot techniques (Fig. 2i) . In summary, our in vitro data showed decreased process extension and maturation in postnatal cortical neurons from the golli-KO mice.
To determine the role of golli on neuron proliferation, we calculated the percentage of proliferating cells at different time points in vitro. We labeled proliferating neurons from WT and golli-KO mice with an anti-Ki67 antibody, a marker of mitotic cells. After 14 and 21DIV, there were more Ki67/MAP2 double positive neurons in the golli-KO cell population than in the WT cultures (Fig. 3a, b) . Importantly, no significant differences between groups were found at 7DIV (Fig. 3b) . We also examined the role of golli on neuron apoptotic cell death. For these studies, we used a real-time caspase-3 assay, which detects caspase-3 activity within individual living cells. This assay is bi-functional in that it is able to detect both intracellular caspase-3 activity and also stain the cell nucleus, which undergoes morphological changes during the apoptotic process. Examples of such measurements are shown in Fig. 3c . The combined use of realtime confocal microscopy and the caspase-3 indicator revealed that neurons lacking golli displayed a significant increase in the percentage of caspase-3-positive cells (Fig. 3c, d) . Parallel experiments using a specific antibody for activated caspase-3 showed similar results at 7, 14, and 21DIV (Fig. 3e, f) .
Golli Modulates Voltage-Operated Calcium Channels in Isolated Cortical Neurons
To determine whether Ca ++ homeostatic mechanisms might be altered in neurons from the golli-KO mice, primary cultures of purified KO and WT cortical neurons were loaded with a membrane-permeable form of the Ca ++ indicator dye fura-2. Whole cell intracellular Ca ++ concentrations were measured in neurons using an Olympus spinning disc confocal microscope equipped with calcium-imaging software. Although resting Ca ++ levels did not differ between the two genotypes, the magnitude of the Ca ++ response after plasma membrane depolarization was significantly blunted in the golli-KO neurons at 7DIV (Fig. 4a) . For example, in WT neurons, bath application of a solution containing high K + caused an average Ca ++ increase of~300 % (Fig. 4b, c) . In golli-KO neurons, the Ca ++ transient induced by high K + was significantly smaller (~170 %) (Fig. 4b, c) . In control experiments, fura-2 signals were abolished in zero Ca ++ and were blocked by nifedipine and verapamil, confirming that these changes in intracellular Fig. 1 Golli-KO neurons failed to morphologically mature. WT and golli-KO neurons were stained with antibodies against golli (a-c), MAP2 (d, e, j), neurofilament M (f), Tuj1 (g, h), and neurofilament H (i) and the total area cover by processes in a 1 mm 2 was examined by confocal microscopy at 7, 14, and 21 days in vitro (DIV). Scale bar= 120 μm (a, d, g); 80 μm (c, j). Values are expressed as mean±SEM of five independent experiments. *p<0.05, **p<0.01, ***p<0.001 vs. respective controls Ca ++ result from Ca ++ influx through L-type VOCCs (Fig. 4b) . Additional experiments were made at 14 and 21DIV allowing analysis of the developmental regulation of voltage-operated Ca ++ influx in cortical neurons. In agreement with our previous findings, Ca ++ uptake after plasma membrane depolarization was significantly lower in golli-KO cells at 14DIV as well as at 21DIV (Fig. 4d) . Since no culture is perfectly synchronous, we performed Ca ++ imaging and immunostaining for stage-specific markers in the same cells to determine the phenotype of the neurons from which we had just obtained Ca ++ entry data. This involved re-locating the cells with the computer driven stage after storing the coordinates of the cells. Such an experiment is shown in Fig. 4e and f where we performed immunocytochemical staining for DCX and NeuN after confocal Ca ++ imaging of cortical neurons at 14DIV. NeuN-positive neurons responded to depolarization with large increases in intracellular Ca ++ (Fig. 4e, f) . In contrast, the more immature DCX + cell population responded with a significantly smaller increase in the fura-2 signal under the same high K + stimulus (Fig. 4e, f) . Importantly, both cell populations were below control levels in golli-KO cultures (Fig. 4f) , suggesting that VOCC activity is reduced in golli-KO neurons at different maturational stages.
In order to analyze the effect of golli on ligand-gated Ca ++ channels, Ca ++ influx was stimulated in cortical neurons using glutamate (Fig. 4g) . Our results show a substantial decrease of glutamate-induced Ca ++ influx in golli-KO neurons at 14DIV (Fig. 4g, h ). Glutamate receptor-mediated Ca ++ signaling in neurons is initiated by increased influx of Na + and Ca ++ through the activated NMDA and AMPA/Kainate receptors. Fig. 2 The absence of golli interrupts the maturation of cortical neurons. WT and golli-KO neurons were stained with antibodies against synapsin1 (a, b), GAP43 (c, d), DCX (e, f), and NeuN (g, h). For synapsin1 and GAP43, the total area cover by processes in a 1 mm 2 was examined by confocal microscopy and the percentage of positive cells in each experimental condition was determined for DCX and NeuN. Scale bar=120 μm. Values are expressed as mean±SEM of five independent experiments. *p<0.05, **p<0.01, ***p<0.001 vs. respective controls. i Western blot analysis of synapsin1, GAP43, DCX, NeuN, and Tuj1 expression in cortical neurons was performed using P84 and β-actin as internal standard. Data from four independent experiments are summarized based on the relative spot intensities and plotted as percent of controls. Values are expressed as mean ±SEM, ***p <0.001 vs. respective controls.
Subsequently, Na + influx can depolarize the plasma membrane and trigger a secondary increase in intracellular Ca ++ through VOCCs. Therefore, to exclude the contribution of VOCCs, glutamate stimulation was performed in the presence of VOCC inhibitors. A significant reduction in glutamateinduced Ca ++ influx was found after pre-treating the cells with verapamil or nifedipine (Fig. 4h) , but more importantly, no differences between genotypes were detected under this experimental condition (Fig. 4h) . Furthermore, no differences among WT and golli-KO neurons were found in the absence of external Ca ++ (Fig. 4h) . In summary, these results indicate that genotype changes in Ca ++ entry after glutamate treatment were mediated by VOCCs and that ionotropic (NMDA and AMPA/Kainate) and metabotropic glutamate receptors are not affected by golli.
Next, we transfected WT and golli-KO neurons with two of the main golli isoforms J37 and BG21 and examined the effect of depolarization with high K + to induce Ca ++ uptake in the cells. We found a significant increase in intracellular Ca ++ concentrations in both WT and golli-KO neurons overexpressing either golli J37 or BG21 relative to control cells transfected with the empty GFP vector (Fig. 5a-c) . To determine if the influx pathway could be inhibited, golli transfected neurons were exposed to nifedipine and verapamil. These specific VOCCs inhibitors had a strong effect on the amplitude of the Ca ++ influx in both WT and golli-KO neurons overexpressing either golli J37 or BG21 (Fig. 5c) . Furthermore, we found that golli overexpression causes the cells to elaborate dendrites and processes. Confocal microscopy of WT and golli-KO neurons overexpressing J37 and BG21 golli-GPP show an augmented extension of neurites and processes relative to cells transfected with the empty GFP plasmid (Fig. 5d, e) . Importantly, in the presence of verapamil, there was strong inhibition of the elaboration of processes induced by golli in neuronal cells (Fig. 5d, e) .
In order to identify any motifs on the golli protein that might be important in the effects of golli on VOCC activity, site-directed mutagenesis and deletion analyses were used to generate a series of golli-green fluorescent protein (GFP) DNA constructs. The mutated golli-GFP plasmids were transfected into WT and golli-KO neurons and Ca ++ transients measured to determine what sites on the molecule might be important for Ca ++ regulation. Figure 5f shows a cartoon of the mutations/deletions generated for analysis. The golliMBPs consist of two domains, a golli domain of 133 amino acids and an MBP domain of variable length (Fig. 5f) . In J37 Del1, the first 45 amino acids from the N terminus of the golli domain were removed where in J37 Del2 the first 110 amino acids of the golli domain were eliminated (Fig. 5f) . We found that elimination of the first 45 or 110 amino acids from the N terminus of J37 (J37 Del1 and J37 Del2, respectively) abolished the Ca ++ entry increase (Fig. 5g ). Feng and coworkers [30] found that myristoylation of the glycine residue at the N terminus of golli BG21 was important for targeting golli to the plasma membrane in the Jurkat T-cell line. In the present study, we confirmed that mutation of the myristoylation sites (gly→ala at position 2) of either golli J37 or BG21 (J37 and BG21 Myr) entirely reversed the Ca ++ effect in WT and golli-KO neurons, indicating that membrane association is essential for golli action on the enhancement of Ca ++ entry in cortical neurons (Fig. 5g) . Additionally, + cells in each experimental condition was compared with respective controls. c Real-time caspase-3 assay, using NucView 488 Caspase-3 substrate, was performed as described in BMaterials and Methods^section. Fluorescent field images were obtained with a specific GFP filter at 6-min intervals for a period of 24 h beginning 14 days after plating. Bright field images were superimposed to show the cell morphology. + neurons grown at 7 and 21DIV. f The percentage of caspase-3 + /MAP2 + cells in each experimental condition was compared with respective controls. Values are expressed as mean±SEM of at least five independent experiments. Scale bar=100 μm. **p<0.01, ***p<0.001 vs. respective controls deleting a calmodulin binding-like site (J37 NoCalm) within the J37 golli domain reduced the effect by~15 % in WT neurons and by 25 % in golli-KO cells (Fig. 5g) . Note that these studies on Ca ++ influx after high K + stimulation correlate completely with the results obtained on the effects of transfected golli on cell morphology (Fig. 5d, e, g ). This correlation implies a clear relationship between golli, Ca ++ uptake, and neurites extension.
To determine the influence of L-type mediated Ca ++ influx on neuronal maturation, WT and golli-KO cells were cultured with Bay K 8644, an L-type Ca ++ channel agonist that prolongs single channel open time without affecting the close time. Neurons were treated with Bay K 8644 (10 μM) for 7 days starting at 7DIV. As it was expected, Bay K treatment enhanced the amplitudes of Ca ++ transients after membrane depolarization in WT neurons as well as in golli-KO cells (Fig. 6a, d) . In WT neurons, Bay K increased L-type Ca ++ influx by approximately 26 % whereas in golli-KO cultures the rise was significantly higher (~51 %) (Fig. 6a, d ). More importantly, 7 days of Bay K treatment stimulated the morphological complexity of MAP2 and Tuj1 positive neurons (Fig. 6b, c) , increased the percentage of NeuN-positive cells, and decreased the proportion of neurons expressing DCX in golli-KO cultures (Fig. 6e, f) . Examples of such morphological and immunohistochemical changes are shown in Fig. 6b and e. Moreover, in golli-KO cultures, Bay K treatment was able to prevent apoptotic cell death and drop cell proliferation to normal levels (Fig. 6g) . Similar results were obtained in experiments in which WT neurons were treated with Bay K during 7DIV (Fig. 6c, f, g ). Bay K treatment had no significant effect on either apoptotic cell dead or cell proliferation in WT neurons (Fig. 6g) . However, we did find a significant increase in the morphological complexity of MAP2 and Tuj1 expressing neurons in WT cultures treated with Bay K (Fig. 6c) . Furthermore, WT neurons responded to Bay K treatment with an increase in the percentage of NeuN-positive cells and with a substantial reduction in DCX immunolabeling (Fig. 6f) . These data suggest that golli effect on neuronal differentiation is strongly correlated with the activity of voltage-operated Ca ++ channels, especially the L-type, and that Ca ++ influx through these channels plays a key role in promoting neuronal differentiation.
Morphological and Ca ++ Signaling Abnormalities in the Cortex and Hippocampus of Golli-KO Mice
We extended our analysis of golli regulation of Ca ++ channels and neuronal maturation to a more intact context by performing similar experiments in acute tissue slices obtained from golli-KO animals. Through in situ fura-2 ratiometric Ca ++ imaging measurements [16, 31] , we measured VOCCs activity in subpopulations of neurons in selected brain regions. Initially, we focused our in situ Ca ++ measurements of neurons in slice preparations containing the primary somatosensory cortex. Our goal in these experiments was to confirm the in vitro data in live preparations with respect to VOCCs activity in neurons lacking golli. Recordings were made at postnatal day 10 (P10). To examine in situ VOCC Ca ++ entry, fura-2 loaded tissue slices were perfused with 50 mM K + by a fast and local perfusion system. Exposure to high K + -containing medium triggered a significant increase in the intracellular Ca ++ concentration in cortical neurons (Fig. 7a) . As expected, golli-KO neurons exhibited Ca ++ signaling following stimulation with high K + , but these Ca ++ signals were significantly weaker than that of the control cells (Fig. 7b) . Pharmacological experiments demonstrated that this Ca ++ response was abolished in the presence of verapamil and nifedipine, specific VOCCs blockers, and in the absence of external Ca ++ (Fig. 7c) . Furthermore, Ca ++ uptake after plasma membrane depolarization was significantly lower in golli-KO cells at P20 as well as at P30 (Fig. 7c) . Similar results were found in hippocampal neurons. A decrease in the activity of VOCCs in golli-KO neurons located in the upper and lower blade of the dentate gyrus was found at all the time points tested (Fig. 7d-f) .
These Ca ++ imaging experiments were correlated with morphological changes in the same regions of the brain. The primary somatosensory cortex of golli-KO animals displayed a normal thickness and a regular density of NeuN-positive cells (Fig. 8a, c, d, e) ; however, we found a significant decrease in the density of neurofilament L and MAP2-positive Fig. 4 Golli-KO neurons exhibit decreased intracellular Ca ++ concentrations after plasma membrane depolarization. Primary cultures of cortical neurons were incubated in a chamber with 5 % CO 2 at 37°C, which was placed on the stage of a spinning disc confocal microscope. a VOCC activity was examined in cortical neurons from golli-KO and WT mice using high K + (50 mM). Fura-2 images were obtained with specific filters at 2-s intervals for a total of 4 min. Each frame represents a single section of a fura-2 time-lapse experiment. An increased fura-2 fluorescence ratio is indicated by warmer colors. Time is denoted in minutes in the bottom right corner. Scale bar=80 μm. b, h Ca ++ uptake was stimulated in WT and golli-KO neurons using high K + (50 mM) and glutamate (50 μM) in the presence of nifedipine (15 μM dendrites in the golli-KO cortex at P30 and P60 (Fig. 8b, f, g ). In the same line, the CA1/3 sections of the hippocampus, the upper blade, and the granule cell layer of the dentate gyrus were reduced in the golli-KO mice at P30 and P60 (Fig. 9a, c,  d, e) . Likewise, we found a reduction in the concentration of neurofilament L and MAP2 dendrites in the CA1/3 sections of the hippocampus (Fig. 9b and f, all data not shown) . These morphological measurements and immunohistochemical results were completed by western blot experiments (Figs. 8h  and 9g) . Western blot performed with protein samples obtained from the golli-KO somatosensory cortex display reduced expression of neurofilament L at P30 and normal levels of NeuN at P30 and P60 (Fig. 8h) . On the other hand, decreased expression of neurofilament L and NeuN was found in protein extracts from the golli-KO hippocampus at both ages (Fig. 9g) .
The majority of neurons are born embryonically; however, neurogenesis continues in the postnatal brain throughout life. New neurons are produced from neural stem and progenitor cells in the subgranular zone of the dentate gyrus and the ventricular zone of the lateral ventricles [32] . To assess the impact of golli on neural progenitor cell proliferation and survival in vivo, we performed immunohistochemical studies using neuronal lineage markers in combination with indicators of cell proliferation and death such as Ki67 and caspase-3. We have found that the number of proliferating neural progenitor cells (DCX were increased in the dentate gyrus of the hippocampus as well as in the somatosensory cortex of the golli-KO brain at P5 and P10 (Fig. 10a-c, e-g ). Furthermore, during the first postnatal week, the total number of DCX + /Sox2 + and DCX + /Sox9 + neural progenitor cells was J37-golli-GFP, BG21-golli-GFP, and with the no modified GFP vector (GFP-Vector). Cells were transfected at 3DIV and grown for 4 days in the presence or in the absence of verapamil (15 μM). Scale bar=100 μm. e The total area cover by GFP positive processes was assessed by confocal microscopy in a 1 mm 2 . f Diagrammatic scheme of the golli-GFP constructs designed to examined the regions on golli protein that might be responsible for increase in Ca ++ influx in neurons. The golli protein was divided into the MBP and golli domain. g Ca ++ uptake was stimulated in WT and golli-KO neurons overexpressing different golli-GPP constructs using high K + (50 mM). The graphs show the average amplitude calculated from the responding cells, expressed as percentage of change of the emission intensities. Values are expressed as mean±SEM of five independent experiments. **p<0.01, ***p<0.001 vs. respective controls decreased in the same areas of the golli-KO brain (Fig. 10a, d , e, h). Interestingly, no changes in neural progenitor cell proliferation or death were detected at later developmental stages (P15 and P20) (Fig. 10b, c, f, g ). In contrast with the DCXpositive cell population, no significant differences in cell proliferation or apoptosis were observed when the more mature NeuN marker was used to identify the neurons (Fig. 11c, d ). Despite the fact that a rise in the number of Ki67-and caspase-3-positive cells is clearly visible in the golli-KO somatosensory cortex and hippocampus at P10, very few of these cells were positive for NeuN (Fig. 11a, b) . Taken together, our in situ results uncover a key role for golli protein in the regulation of VOCC-mediated Ca ++ influx in postnatal cortical and hippocampal neurons and suggest that the absence of golli affects the proliferation and survival of young neurons throughout early postnatal development.
Behavioral Abnormalities in the Golli-KO Mice
We have found that golli-KO mice exhibit behavioral abnormalities. No significant differences were found between golli-KO and WT mice in the modified-SHIRPA protocol (data not shown). Measures of neuromuscular strength and motor coordination learning did not differ between the genotypes. Specifically, grip strength, latency to fall in the wire hang test, and latency to fall off the rotarod did not differ significantly between golli-KO and WT mice (Fig. 12a, all data not shown) . The beam-walking assay can assess fine motor coordination and balance. The goal of this test is for the mouse to stay upright and walk across an elevated narrow beam to a safe platform. Performance on the beam is quantified by measuring the time it takes for the mouse to traverse the beam and the number of paw slips that occur in the process. This task is particularly useful for detecting subtle deficits in motor skills and balance that may not be detected by other motor tests, such as the rotarod. No significant differences were observed between WT and golli-KO mice when 12 mm square or round beams were used (Fig. 12b, c) . However, our data showed that golli-KO mice performed significantly better than the WT animals in 6-mm square beam at both P30 as well as P60 (Fig. 12b, c) . Interestingly, the percentage of mice that crossed the entire 6-mm round beam was much higher in the golli-KO than in the WT group (Fig. 12d) suggesting normal fine motor coordination and reduced anxiety and fear in these animals.
To determine the effect of golli on locomotor activity, animals were placed into an open field chamber and the total distance traveled and the time spent in the center area were automatically recorded for 10 min. Golli-KO mice and controls displayed no significant difference in the total distance traveled, but we did find a significant increase in the time spend in the center of the field in P60 golli-KO animals ( Fig. 13a-c) . Similarly, golli-KO mice spent significantly more time in the open arms of the elevated plusmaze when compared with controls at both ages tested (Fig. 13d) . These data indicate that while golli-KO animals did not show lethargy as interpreted by no changes in the total distance traveled, there was an increase in the time spent in the center of the open field and in the open arms of the elevated plus-maze which could be indicative of an anxiolytic-like phenotype. Fig. 7 Reduced in situ VOCC activity in cortical and hippocampal neurons from the golli-KO mice. Brain slices were incubated in a chamber with 95 % O 2 and 5 % CO 2 at 37°C, which was placed on the stage of a spinning disc confocal inverted microscope. Fura-2 images were obtained for brain slices with specific filters at 2-s intervals for a total of 8 min. a, d Time-lapse series of WT cortical and hippocampal neurons at P10 located in the somatosensory cortex and the upper and lower blade of the dentate gyrus, respectively. Scale bar=100 μm. Colored circles in high magnification insets show neurons that were selected for the analysis. Scale bar =60 μm. An increased fura-2 fluorescence ratio is indicated by warmer colors and time is denoted in minutes in the lower right corner. b, e VOCC activity was examined in cortical and hippocampal neurons from WT and golli-KO mice at P10. Note that each trace corresponds to a single cell and the horizontal bar indicates the time of high K + addition. c, f VOCC activity was examined in cortical and hippocampal neurons of WT and golli-KO mice at P10, P20, and P30 using high K + (50 mM). Cortical and hippocampal neurons from WT and golli-KO mice at P10 were also stimulated with high K Next, we examined the golli-KO mouse for learning deficits using the novel object recognition test. Our data show a clear distinction among the genotypes with golli-KO mice performing significantly worse than the WT mice with respect to discriminating a novel object from a familiar one. We found that both adolescent (P30) and young adult (P60) golli-KO mice displayed a significant reduction in the novel object recognition index relative to controls (Fig. 13e) .
Finally, social interaction was tested using Crawley's three-chamber social approach test in which the social preference of mice can be quantified by comparing the time spent around a wire cage containing a stranger mouse versus the time spent around an empty cage [33] . This test allows for both sociability and a social novelty preference test. No significant genotype effect was found in the social affiliation index as well as in the social novelty index (Fig. 13f) . In summary, no deficits in locomotor activity, motor coordination, balance, and social behavior were found in the golli-KO mouse. However, we have determined that the golli-KO mouse exhibit an anxiolytic phenotype and a reduction in the episodic memory. These effects of the ablation of golli-MBP products on behavior and memory suggest an important role for these proteins in neuronal function.
Discussion Golli Modulation of VOCCs Affects Neuronal Development
Voltage-operated Ca ++ channels (VOCCs) serve as the principal routes of Ca ++ entry into electrically excitable cells such as neurons. The nervous system expresses VOCCs with unique cellular and subcellular distribution and specific functions. Ltype VOCCs are distributed at neuronal cell bodies, dendrites, and spines, and the postsynaptic L-type VOCCs regulate neuronal excitability and gene expression [34] [35] [36] [37] . For example, in the postnatal hippocampus, Ca ++ influx through L-type VOCCs is essential for expression of the transcription factor NeuroD and inhibition of pro-glial genes HES1 and Id2 [38] . In this work, we have identified an important relationship between L-type Ca ++ influx and golli proteins in neuronal maturation. We have found that voltage-mediated Ca ++ influx is reduced in postnatal neurons from the golli-KO mice and that increased expression of golli proteins enhances Ca ++ entry into neuronal cells. Golli proteins can modulate Ca ++ influx through L-type VOCCs in the plasma membranes of cortical and hippocampal neurons, and this intracellular Ca ++ modulation affects Ca ++ -dependent functions such as neurites extension, proliferation, and cell survival. In vitro, golli-KO neurons display a simple morphology and reduced levels of key cytoskeletal proteins such as MAP2, neurofilament, and Tuj1. Also, golli-KO neurons express less synapsin1 and GAP43, two critical proteins for normal synaptogenesis/axonogenesis, and retain immature neuronal markers such as DCX. All these changes affect the survival of golli-KO neurons, which shows a significant increase in apoptotic cell death. Importantly, undeveloped DCX-positive neurons as well as mature NeuNexpressing cells from golli-KO cultures show decreased voltage-operated Ca ++ entry, suggesting that VOCC activity is reduced in golli-KO neurons at different maturational stages. Confirming the involvement of voltage-gated Ca ++ influx in this phenomenon, these alterations in golli-KO neurons were reversed by the L-type VOCC activator Bay K 8644. Bay K treatment enhances voltage-mediated Ca ++ influx and promotes the expression of mature neuronal markers in golli-KO cultures. More importantly, activation of L-type VOCCs in golli-KO neurons prevent cell death by apoptosis and, consistent with neuronal maturation, reduce cell proliferation. These data suggest that golli effect on neuronal differentiation is strongly correlated with the activity of L-type VOCCs, and that Ca ++ influx through these channels plays a key role in promoting neuronal maturation.
Several studies have shown that intracellular Ca ++ regulates axon outgrowth and growth cone motility in different ways [39] . Depolarization-induced Ca ++ entry through VOCCs has been shown to maintain neurites and cell survival after nerve growth factor deprivation [40, 41] . Likewise, Ca ++ has been implicated in directing growth cone guidance [42, 43] . The responses of growth cones to many guidance molecules, such as netrin-1 and BDNF, are dependent on an influx of extracellular Ca ++ through L-type VOCCs [44, 45] . One property of golli proteins is their ability to induce extension of processes when overexpressed in oligodendrocyte cell lines [17] . In this report, we have shown that golli overexpression causes neurite outgrowth in cultured cortical neurons. Confocal microscopy of WT and golli-KO cells overexpressing BG21 and J37 golli-GPP shows an increased extension of , including upper and lower blades and the subgranular zone) (f, g, h) in P5, P10, P15, and P20 WT and golli-KO animals. Values are expressed as mean ±SEM of five independent experiments. *p<0.05, **p<0.01 vs. respective controls neurites and processes. Interestingly, this phenomenon disappeared in the presence of VOCC blockers, indicating that the morphological changes induced by golli overexpression could be mediated by VOCCs. The principal subcellular location of golli proteins in neurons was in axonal and dendritic processes. With development and neuronal maturation, golli expression decreased and/or there was a striking shift in subcellular localization from nuclei and cell processes to the cell soma in isolated cortical neurons. We hypothesize that golli proteins are needed along neurites to regulate the activity of VOCCs. The principal role of golli may be to maintain locally high levels of Ca ++ within the neurites and thereby contribute to neurites extension and maintenance throughout neuronal maturation.
Golli proteins can bind several molecules important in Ca ++ signaling; Kaur and collaborators [46] and Feng and co-workers [30] found that myristoylation of BG21 is essential for the interaction of golli with the plasma membrane in T cells. In this study, we found that removing the first 45 or 110 amino acids from the N terminus of the golli domain completely obliterated the Ca ++ response. More importantly, the sole mutation of the myristoylation site located at position 2 has the same effect suggesting that binding of golli to the plasma membrane is essential for modulating Ca ++ homeostasis. By what mechanism could golli-MBPs modulate the activity of Ca ++ channels? It is possible that golli serves as an adaptor protein in a complex that may directly or indirectly modulate the activity of Ca ++ channels at the plasma membrane. By virtue of its high hydrophilicity and net charge, golli has the appropriate physical properties to be an adaptor protein. Harauz and colleagues [47] have shown that golli proteins form extended structures in solution that would be ideal for binding other molecules in a signaling assembly [47] . This notion of golli proteins serving as potential adaptor proteins in signaling complexes is supported by other studies showing that they can bind calmodulin in a Ca ++ -dependent fashion, and that they are also able to bind phosphoinositides [46] . Calmodulin is required for the modulation of several important enzymes and ion channels involved in synaptic efficiency and neuronal Fig. 12 Normal motor coordination and reduced anxiety and fear in golli-KO mice. a WT and golli-KO mice were evaluated in the rotarod test. The latency to fall off the rotarod was measured in P30 and P60 mice. b, c 12-mm square or round beams and 6-mm square beams were used to assess fine motor coordination in WT and golli-KO mice at P30 and P60. d Percentage of mice that crossed the entire 6-mm round beam in the different experimental groups. Values are expressed as mean± SEM. *p<0.05, **p<0.01, ***p<0.001 vs. respective controls [48] . In this work, we found that deleting portions of the golli domain in J37 containing a putative calmodulin binding-like site reduced the Ca ++ response, suggesting that the interaction of golli with calmodulin could be important in the effects of this protein on VOCC activity and neuron development.
Behavioral Abnormalities and Irregular Cortical and Hippocampal Maturation in the Golli-KO Mice
Our experiments demonstrate that the expression of golli in neurons is essential for brain development and suggest that an abnormal cortical and hippocampal maturation could be responsible for some of the behavioral changes found in the golli-KO mouse. The golli-KO animals display significant morphological changes in the cortex and hippocampus. The density of dendrites in the somatosensory cortex of young golli-KO mice was significantly decreased. In the hippocampus, the CA1/3 sections, the dentate gyrus, and the granule cell layer were reduced in the golli-KO mice compare to control animals. During the first two postnatal weeks, immature cortical and hippocampal neurons from the golli-KO brain proliferate faster than control cells and show a higher susceptibility to die by apoptosis. All these changes in the cortex and hippocampus of young golli-KO animals were correlated with an abnormal activity of L-type VOCCs in the same neuronal populations, suggesting that golli modulation of VOCCs in neurons during the postnatal development is responsible for these alterations. As a consequence of this irregular cortical and hippocampal maturation, the golli-KO mouse exhibit alterations of executive-level processes such as memory and anxiety. We have determined that the golli-KO mouse displays an anxiolytic phenotype and a reduction in the episodic memory. Measures of neuromuscular strength and motor coordination did not differ between the genotypes. However, the golli-KO mice spent significantly more time in the central area of the open field and in the open arms of the plus-maze when compared with controls and displayed a substantial reduction in the novel object recognition index relative to controls. Most evident in adolescent life, these alterations subside in young adults.
The proximal golli promoter of the MBP gene was used as a molecular marker for specific subpopulation of neurons because of its early and restricted expression in cerebral cortex and olfactory bulb in mice. For instance, it was used to drive the expression of various reporters to precisely identify the principal preplate neurons and their neuroblasts in the embryonic brain [49, 50] . It has been shown that targeted genetic ablation of golli-expressing principal preplate neurons of the neocortex during prenatal development delayed organization of these neurons, desynchronizes and isolates the developing neocortex from the rest of the brain, and permanently impairs its connectivity [49] . Golli may promote selective survival of cortical and hippocampal neurons, perhaps through positive impact on neurite arborization and establishment of stable synaptic connectivity. The positive feedback loop between golli, neuronal differentiation, and L-type VOCC function highlighted by our findings may be involved in the functional integration of newly generated neurons into pre-existing neural circuits of the postnatal brain, a process that is reinforced by establishment of synaptic connections and the consequent membrane depolarization-induced Ca ++ influx. Specific genetic ablation of the golli proteins in mice produces a phenotype of defective myelination in both white and gray matter structures [12] . Although gross myelination appeared normal, electron microscopic and immunohistochemical studies indicated that myelination is delayed in the golli-KO mouse [12] . Since myelination is important for normal CNS maturation and function, we cannot completely exclude the possible contribution of abnormal oligodendrocyte maturation in some of the behavioral and anatomical alterations found in the brain of golli-KO animals. However, our in vitro experiments showed that perinatal neurons isolated from the cortex of golli-KO mice fail to mature in vitro and in situ Ca ++ imaging experiments, performed during the first postnatal week, revealed decreased L-type VOCC activity in different subpopulations of golli-KO neurons. Since all these experiments were performed before the initiation of the myelination process, our results suggest that the absence of golli is affecting neuron development in a cell autonomous manner.
Golli-MBP and Psychiatric Disorders
The myelin-related gene group has been repeatedly reported to be dysregulated (mostly under-expressed) in schizophrenia patients [51] [52] [53] [54] [55] . The chromosomal region 18q, where the golli-MBP gene is located, has been linked to both schizophrenia and bipolar disorder. There is evidence that genes in this region are involved in psychiatric and cognitive disorders [56, 57] . For example, a genome-wide scan suggested the golli-MBP locus (18q23) is a susceptibility locus for bipolar disorder [58] . Several studies have shown changes in classic MBP gene expression in schizophrenia and bipolar disorder in different brain regions [53, 55, 59 ]. Baruch and co-workers [60] have performed a case-control association analysis of golli specifically in two separate Jewish Ashkenazi cohorts. They also performed an expression analysis of golli mRNA in postmortem dorsolateral prefrontal cortex samples of schizophrenia patients. They found a strong association between single nucleotide polymorphisms and risk haplotypes with schizophrenia. Although the expression analysis found no significant differences in golli mRNA levels, these findings suggest that golli is a possible susceptibility gene for schizophrenia.
Dysregulation of the Ca ++ signaling pathway has been implicated in the development of some of the major psychiatric diseases such as schizophrenia. [61] . It has been demonstrated that the proper formation and maintenance of dendritic trees and synaptic contacts requires optimal levels of Ca ++ signaling [62] . Thus, imbalance in Ca ++ signaling may be the underlying cause of a reduction in dendritic volume and/or rearrangement in synaptic connectivity postulated for schizophrenia [63] [64] [65] . Moreover, the central role of Ca ++ signaling in cell death [66] suggests that abnormality in this signaling may cause a reduction in neuronal number described in cortical and subcortical regions of schizophrenic patients [67] . Based on the above, Lidow hypothesized that altered Ca ++ signaling is a central unifying element of multiple molecular and protein changes reported in schizophrenia [61] . In this work, we showed that Ca ++ homeostasis is altered in postnatal neurons from the golli-KO mice and that these animals display abnormal behavior including deficits in episodic memory and reduced anxiety. Therefore, this work has great implication in understanding the molecular events governing psychiatric and cognitive disorders and golli-MBPs can be added to the growing list of different proteins underlying Ca ++ signaling in the etiology of schizophrenia.
